MXenes have attracted great attention as next-generation capacitive energy-storage materials, but the mechanisms underlying their pseudocapacitive behavior are not well understood. Here we provide a theoretical description of the surface redox process of Ti 3 C 2 T x (T = O, OH), a prototypical MXene, in 1 M H 2 SO 4 electrolyte, based on joint density functional theory with an implicit solvation model and the analysis of Gibbs free energy under a constant-electrode potential. From the dependence of the O/OH ratio (or the surface H coverage) and the surface charge on the applied potential, we obtain a clear picture of the capacitive energy-storage mechanism of Ti 3 C 2 T x that shows good agreement with previous experimental findings in terms of the integral capacitance and Ti valence change. We find a voltage-dependent redox/double-layer co-charging behavior: the capacitive mechanism is dominated by the redox process, but the electric doublelayer charge works against the redox process. This new insight may be useful in improving the capacitance of MXenes.
M Xenes are novel two-dimensional inorganic compounds based on transition metal carbides, nitrides, and carbonitrides. They have been found to be very promising materials for electrochemical energy storage and electrocatalysis applications. 1−4 For example, MXenes showed great promise in lithium-ion batteries. 5, 6 Density functional theory (DFT) calculations have proved that MXenes offer low lithium diffusion barriers and high lithium storage capacity. 7 In addition, molybdenum-carbide MXenes have exhibited good performance in hydrogen evolution reaction. 8 In the field of capacitive energy storage, MXenes have been tested as a novel electrode material. Their behavior as a supercapacitor depends on the choice of the electrolyte. When ionic liquids or salt solutions are used as the electrolyte, MXenes exhibit either double-layer capacitance or ionintercalation capacitance. 2,9−12 However, in acidic electrolytes such as H 2 SO 4 , MXenes exhibit pseudocapacitance due to surface redox chemistry. 13−15 Although many characterization techniques have been used to understand the pseudocapacitance of MXenes in acidic electrolytes, 14 the atomic-and electronic-level mechanism on the surface redox process is still unclear due to the complexity of MXene's surface structure and terminal groups. 16−18 Many questions remain unanswered. For instance, how does the surface configuration (O/OH ratio) change with the applied voltage? What is the relation between double-layer charging and surface redox behavior as the voltage changes? Which behaviors limit the capacitance in practice?
Atomistic insight into the capacitive storage mechanism in MXenes from computational modeling would be highly desirable but hampered by the difficulty in simulating the double-layer charging and the surface redox behavior simultaneously. Recent simulation of MXene pseudocapacitors assumed an ideal Faradaic process and ignored the electric double-layer (EDL) response. 19 Similar methods have been applied to RuO 2 electrodes to investigate its pseudocapacitive behavior in aqueous electrolytes. 20−23 More importantly, in recent years, many computational studies on interfacial electrochemistry have indicated that it is important to use constant electrochemical potential methods in DFT calculations to capture the influence of the Fermi level on the electrode during the reaction process. 24−26 To obtain a clear picture of the pseudocapacitive behavior of MXenes in acidic electrolytes, here we propose a theoretical model to effectively capture the energetic competition between the surface redox chemistry and the double-layer charging at the electronic structure level by using the constant-potential free energy analysis combined with joint DFT, 27, 28 which could capture the electronic structure and property of a solvated electrode. Joint DFT provides a formally exact variational theory for the free energy of an electronic DFT system combined with classical DFT or a polarizable continuum model, which could further reliably predict the solvation behavior and potential at the point of zero charge (PZC) of electrode. 29− 31 We chose Ti 3 C 2 O 2 as a prototypical MXene electrode whose pseudocapacitance has been measured in aqueous electrolyte. 13, 14 We modeled a 3 × 3 supercell to determine enough hydrogen coverage (Figure 1 ). To examine how the electrode potential influences the surface redox behavior, we used the joint DFT method with an implicit solvation model, as implemented in the simulation package JDFTx, to obtain the electronic structure and the potential at the PZC of each H coverage for further computation of charge-dependent free energy function. 29, 30 All of the MXene configurations explored are provided in the Supporting Information Figure S1 . The implicit electrolyte is described by the charge-asymmetric nonlocally determined local-electric (CANDLE) model to capture the solvation effect and the electrolyte response to the surface net charge. 32 For the electrode, the electron exchangecorrelation is described by the Generalized Gradient Approximation with the Perdew−Burke−Enzerhof functional (GGA-PBE), 33 and the ion−electron interaction is described by ultrasoft pseudopotentials. 34 For the plane-wave basis set, a kinetic energy cutoff of 20 hartree was used in structure optimization and 30 hartree was used in the single-point calculation at the optimized geometry. The k-mesh for Brillouin zone sampling is 8 × 8 × 1 for structure optimization and 12 × 12 × 1 for the single-point calculation of the optimized geometry, to reach a convergence criterion of 10 −6 Hartree in energy.
Considering a nonideal Faradaic process (where electron transfer and proton transfer are not equal in number) of Ti 3 C 2 O 2 in H 2 SO 4 for two-side symmetric charging, the redox reaction can be written as
where x is the surface H coverage (ranging from 0 to 1) and q is the net charge on the electrode. At a fixed electrode potential, the partially protonated Ti 3 C 2 O 2 surface can hold a net charge when the electrode potential differs from the PZC. Thus, the applied voltage controls both q and x during the redox process. For any intermediate state with coverage x and electrode potential φ, the free energy (normalized to a single unit cell interface) can be written as
E(x) is the total electronic energy of a solvated electrode with the H coverage of x in zero surface charge, while E ZPE is the zero-point energy (ZPE) difference between x = 0 and 1 states, which is 0.55 eV per H atom from our DFT calculation. The third term, Qφ, is the electrical work to move the charge Q (net charge on the electrode) from zero potential (in the bulk electrolyte) to the electrode with the potential φ. E EDL is the energy of induced EDL by the electrode charge Q. The last term is the chemical potential of a solvated proton in the electrolyte. In the third and fourth terms, V(x,φ) is the relative potential with respect to PZC at coverage x and electrode potential φ, given by
Once V(x,φ) is known, the charge Q and E EDL can be obtained by
The final term μ H + (proton's chemical potential) in eq 2 can be explicitly written as
[H ] 0.059 pH
All physical quantities in eq 7 can be obtained by DFT calculation and a standard thermodynamic database. In eq 6, Φ SHE is the computational standard hydrogen electrode that has been determined to be 4.66 V from PZC calibration of the CANDLE solvation in JDFTx. 32 For the C EDL in eq 4, we use constant C EDL approximation based on the Debye−Huckel model to include the influence of double-layer charging. C EDL is estimated to be 32 μF/cm 2 for 1 M H 2 SO 4 . In eqs 2 and 3, because our DFT calculation of E(x) and PZC with various configurations and coverages exhibited a strong linear relation with x, E(x) and φ PZC (x) can be described by a linear equation of x (see Figure S2 and details in the SI). Thus, with an explicit expression of E(x) and φ PZC (x), we can use eq 2 to calculate the relative free energy of various H coverage x at any given electrode potential φ and then obtain the ensemble-average x and Q. Because there are degenerate H adsorption configurations at each coverage ( Figure S1 ), we have developed a simple statistical method to obtain the average x and Q at any given electrode potential φ (see Figures S3 and S4 and details 
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Letter in the SI). The charging behavior can be obtained by calculating the average x and Q at different electrode potentials. We use Ti 3 C 2 O 2 as a prototypical MXene electrode to obtain a comprehensive understanding of its surface redox behavior in H 2 SO 4 electrolyte. We address the following key questions: (i) How does the electrode potential simultaneously govern the surface redox behavior and the double-layer charging? (ii) How do the redox and EDL behaviors contribute to the overall capacitive performance? (iii) How does the electronic structure change with the electrode potential in the pseudocapacitive process?
Inf luence of H Coverage on the Point of Zero Charge (PZC) of MXene. Ti 3 C 2 O 2 and Ti 3 C 2 (OH) 2 represent two extreme cases of hydrogen coverage, 0 and 1, respectively. Our optimized lattice parameters are 3.038 and 3.087 Å for Ti 3 C 2 O 2 and Ti 3 C 2 (OH) 2 , respectively, which are very consistent with previous DFT calculations. 35 We use Ti 3 C 2 T x to denote the intermediate states between Ti 3 C 2 O 2 and Ti 3 C 2 (OH) 2 , where T represents a mixture of O and OH groups. When the surface is partially covered by H, we observed a small monotonic lattice expansion with the H coverage ( Figure S5 ), while at the same coverage, the lattice parameter is insensitive to the configuration of adsorbed H atoms on the surface. To determine the contribution of the EDL capacitance (in eqs 3−5), we had to find PZC for each H coverage and configuration. As shown in Figure S2 , we found that the PZC of Ti 3 C 2 T x linearly decreases with H coverage. With this dependence, we then proceeded to obtain the free energy as a function of the applied potential and hydrogen coverage.
Gibbs Free Energy, Ensemble-Averaged H Coverage, and Surface Charge. As shown in eq 1, the surface redox chemistry is dictated by proton adsorption on the MXene surface and the accompanying electron transfer to the electrode at a fixed electrode potential. To determine the extent of the surface redox chemistry, we calculated the Gibbs free energy, G(x, φ), according to eq 2 for each H coverage, x, at various fixed electrode potentials, φ, from −1.0 to 1.0 V vs SHE in 1.0 M H 2 SO 4 . From Figure 2 , one can see that when the applied voltage is −1 V, G(x, φ) exhibits a parabolic shape with an ensemble-average coverage x avg = 0.68. When the electrode potential increases, the G(x, φ) curves shift up and x avg shifts to a smaller value.
From the G(x, φ) data for each configuration, we obtained the most probable H coverage at any given electrode potential ( Figure S4 ), which is in fact quite close to x avg in Figure 2 . Figure 3a shows how the most probable H coverage changes with the electrode potential. When the potential is −1.0 V vs SHE, the average H coverage is about 0.68, meaning that the surface O groups are not completely protonated at −1.0 V. With the electrode potential increase, we observed a smooth decrease of surface H coverage. Figure 3b plots the surface net charge (responsible for the EDL capacitance), the redox or Faradaic charge storage (which is the opposite of the surface H adsorption number per eq 1), and the electron transfer number (total charge storage) as a function of the applied potential. One can see that the electrode is slightly positively charged in the voltage window and that the surface charge decreases with the applied voltage. Thus, although the total capacitive behavior is dominated by redox charging (proton-coupled electron transfer), the EDL part works slightly against the redox charge storage due to their opposite sign. In other words, part of the positive charge from proton transfer becomes the net surface charge responsible for the EDL capacitance; therefore, the magnitude of the electron transfer (from the electron reservoir or the power source to the electrode) to compensate the positive-charge transfer (from the electrolyte to the electrode surface) decreases as a result.
Comparison with the Experimental Capacitances. We used the total charge (i.e., electron-transfer number in Figure 3b ) to obtain the specific differential capacitance, C diff . Figure 4 shows that for the redox-dominated region where the electrode potential is below 0.5 V vs SHE, C diff is ∼230 F/g. This is the same voltage window as the experimental measurements. Lukatskaya et al. 14 Figure 4 ). This is in good agreement with our calculated capacitance of 235.6 F/g in the same voltage window. Hu et al. 13 reported the capacitance of 400 F/g within −0.45 to −0.05 V vs Ag/AgCl (window Expt-2 in Figure 4 ).
More recently, Lukatskaya et al. reported a capacitance up to 450 F/g for a 90 nm thick Ti 3 C 2 T x electrode in 3 M H 2 SO 4 for an extended voltage window (−1.1 to −0.1 V vs Hg/Hg 2 SO 4 ). These capacitance values are higher than our predicted capacitance of ∼230 F/g. Many factors can contribute to this discrepancy. From the experimental side, sample preparation, electrode thickness, electrolyte concentration, voltage window, etc. could all influence capacitive performance of a MXene electrode. 15 Furthermore, a recent NMR study has reported that the Ti 3 C 2 T x synthesized by LiF-HCl etching contains about 13% of −F groups on the surface. 18 There are two main effects from the −F groups: (i) they will lower the valence of Ti because their formal charge at −1 is lower than that of −O groups at −2; (ii) the −F groups are not redox-active and if they are rich on the surface they will negatively affect proton reduction. 36 From the modeling side, the implicit solvation model and the assumption of a constant EDL capacitance could also lead to uncertainty in the predicted values. Despite these factors, we think that our model does provide a semiquantitative description of the pseudocapacitive charging behavior of MXene in H 2 SO 4 . This model should be able to predict the general trend of capacitance variation among different MXene materials, provided that the same solvation model is used.
We should note another difference between our model and realistic MXene materials. Our DFT model is based on a single- The Journal of Physical Chemistry Letters Letter layer MXene, while experimentally synthesized MXene materials have a layer-by-layer stacked structure. The interlayer spacing varies significantly, from 10 to 40 Å. Our model better describes the case of large interlayer spacings. When the interlayer spacing is narrow, proton intercalation can be an important contribution in the total charge-storage mechanism. Because the present work focuses on the dominant surface redox process, the intercalation contribution was not treated explicitly but considered as a part of the double-layer capacitance because both are caused by the electrostatic interaction of electrode surface charge and electrolyte ions without formation of any covalent bond. Further work is warranted to explicitly take into account the ion intercalation as a function of the MXene interlayer spacing.
Electronic Structure and Charge Distribution. To pinpoint the atomic center responsible for the redox charging, we used constant-charge DFT calculations with an implicit solvation model and plotted the total density of states (DOS) and local DOS of the Ti 3 C 2 T x electrode with H coverages of 0.11 and 0.22 in Figure 5 , corresponding to voltages of 0.59 and 0.3 V vs SHE in Figure 4 , respectively. One can see that the total DOS is mainly contributed by Ti near the Fermi level; therefore, the electron-transfer process mainly happens on the Ti atom. Figure 3a has shown that at a fixed electrode potential a nonzero surface net charge always coexists with the redox reaction. To determine how the excess charge is distributed on the electrode, we plotted the change in the planar electron density between the charged and the neutral Ti 3 C 2 T x electrodes at different H coverages. As can be seen in Figure 6 , the excess charge on the electrode is mainly distributed on the surface oxygen layer that directly interacts with the electrolyte to form the EDL.
Because our simulation is based on first-principles electronic structure calculations, we can in principle apply our method to 
Letter all MXene materials. More importantly, it is now feasible to establish a relationship between electronic properties (such as Fermi level shift during redox and hydrogen-adsorption energy) and the pseudocapacitances for different MXenes. This relationship can be further used in high-throughput computational screening of MXenes for higher capacitance and guide the experiment to synthesize the most promising candidates of the MXene family.
Analysis of the Oxidation State of Ti. To get a deeper understanding of the electrochemical behavior, we estimated the oxidation state change by the proportional relation between valence and atomic Bader charge 37,38 on a Ti atom at various H coverages and electrode potentials ( Figure S6 in the SI). We found that when the electrode potential changed from −0.29 to 0.59 V vs SHE the oxidation state of Ti changed from +2.45 to +2.54. Experimental study by K-edge XANES (X-ray absorption near edge structure) has shown that the oxidation state change of Ti is from +2.33 to +2.43 in the voltage window of −0.12 to 0.58 V vs SHE. 14 One can see that the change in the Ti oxidation state from the experimental measurement (+0.10) is in excellent agreement with our simulation (+0.09).
In summary, we have developed a theoretical model to describe the pseudocapacitive behavior of Ti 3 C 2 T x (T = O, OH) in the H 2 SO 4 electrolyte by considering both the EDL capacitance and the surface redox behavior. We used the electronic DFT with an implicit solvation model to determine the PZC for Ti 3 C 2 T x with different hydrogen coverages. From PZC, we deduced the voltage-dependent free energy of the electrode/electrolyte system that includes both the EDL and the redox contributions. In the experimentally relevant voltage window of 0.5 V down to −1.0 V vs SHE, we found 0.6 |e| proton transfer from the electrolyte to the electrode and 0.4 e − electron transfer to the electrode from the applied voltage, which led to 0.2 |e| net surface charge, per unit formula. In other words, the capacitive mechanism is dominated by the redox process but the EDL charge works against the redox process. Our work provides a general scheme to understand and predict the pseudocapacitive behavior of MXene materials. 
